Fas and CD2 receptors can transduce apoptotic signals through two independent biochemical pathways. In this study, we first evaluated the role of intracellular GSH in these signaling pathways by inducing variations in the GSH pool of activated peripheral T lymphocytes. Increasing the concentration of intracellular GSH by means of N-acetyl-L-cysteine (NAC) and GSH ethyl ester (OEt) resulted in total protection against cell death, while inhibiting GSH synthesis with buthionine sulfoximine (BSO) greatly enhanced cell sensitivity to Fas and CD2 apoptotic signaling. The protection exerted by NAC and GSH OEt was essentially based on their capacity to establish an intracellular reducing environment as it still occurred in BSO-treated cells. Thiol-containing compounds (cysteine, captopril, D-penicillamine and 2-mercaptoethanol) inhibited apoptosis while a series of non-thiol antioxidants (including catalase and vitamin E) failed to do so, suggesting that protection was secondary to thiols/disulfides exchange reactions at the level of cysteine residues in proteins and not to detoxification of reactive oxygen intermediates. This conclusion was further supported by the finding that no enhanced generation of O 2
Introduction
Apoptosis is an active cell death process which plays a glutathione peroxidase, which scavenges H 2 O 2 , prevents apoptotic cell death induced by trophic factor withdrawal in major role in the development and in the differentiation of multicellular organisms (1, 2) . It is characterized by typical other cell systems (7). In addition, various antioxidants with ROI-scavenger properties block apoptosis induced by TNF, morphological features such as cell shrinkage and chromatin condensation, and by intracellular biochemical events leading trophic factor withdrawal, irradiation, glucocorticoids and activation-induced cell death (4, (8) (9) (10) (11) (12) . All these data imply ultimately to internucleosomic DNA fragmentation. Recently, it was suggested that oxidative stress may be critical in that excess production of intracellular ROI is intimately associated with the cell death examined in these studies. In fact, triggering cell death by various stimuli (3, 4) . Thus, overexpression of the reactive oxygen intermediate (ROI)-scavenging excess intracellular production of O 2 • has been shown to occur at the very initial stages of apoptosis in dexamethasoneenzyme manganese superoxide dismutase, which catalyzes dismutation of superoxide anions (O 2
• ) to hydrogen peroxide treated thymocytes and catalase, an enzyme that efficiently detoxifies H 2 O 2 into O 2, was found to potently inhibit such a (H 2 O 2 ), protects cultured cells from tumor necrosis factor (TNF)-induced cytotoxicity (5, 6) , from anticancer drugs and death process (13). In line with these data, recent studies have also established that a marked decrease in the concenfrom ionizing radiation (6) . Overexpression of the selenoCorrespondence to: A. Senik Transmitting editor: H. Bazin Received 4 June 1996, accepted 27 September 1996 tration of reduced glutathione (GSH, a cysteine-containing confer protection against apoptotic signals. The protective effect takes place in the absence of RNA and protein syntripeptide: L-γ-glutamyl-L-cysteinyl-glycine), the most abundant intracellular thiol that functions as a major antioxidant by thesis, and in the presence of BSO, suggesting that it is secondary to sulfhydryl redox regulation of critical molecules protecting the cells against the effects of free radicals and ROI (14,15), precedes the onset of apoptotic cell death in of the apoptotic cascade. This conclusion is further supported by the finding that no enhanced generation of ROI could be glucocorticoid-treated thymocytes (12,16). Also, inhibiting GSH synthesis by buthionine sulfoximine (BSO) has been detected in the course of the apoptotic process. found to provoke a rise in ROI and to induce apoptotic cell death in a neural cell line (17), and in other models, to Methods increase sensitivity to apoptosis (18,19). Conversely, N-acetyl-L-cysteine (NAC), a thiol antioxidant and a precursor of mAb and other reagents intracellular glutathione, which has been proposed for antiPurified CD2 mAb were T11 1 (IgG1) and D66 (IgM) specific HIV therapy (20), is capable of preventing apoptotic cell for two different epitopes of CD2 molecules (39) , and were a death caused by TNF (9), by trophic factor deprivation in gift from Dr A. Bernard (INSERM U343, Nice, France). CH-11 neuronal cells (21), as well as activation-induced cell death anti-Fas mAb (IgM) and OKT3 (IgG2a) were purchased in T cell hybridomas (4) . A redox desequilibrium may be from Immunotech (Luminy, Marseille, France) and from ATCC created inside the cells, without direct participation of ROI, by (Rockville, MD) respectively. 248-23-2, an IgM antibody, was driving the intracellular thiol/disulfide status towards oxidation. a gift from Dr A. Moretta (Cancer Institute, Genova, Italy). This can be achieved by diamide, a substance that crossActinomycin D, cycloheximide, menadione sodium bisulfite, links vicinal thiols and thus mimics the formation of disulfide diethyl maleate (DEM), reduced glutathione (GSH), L-γ-glutalinks, arguing for the notion of thiol oxidation being involved myl-L-cysteinylglycyl-O-ethyl ester (GSH OEt), N-acetylin apoptosis signaling (22). Interestingly, diamide still functions cysteine (NAC), N-acetylserine (NAS), L-cysteine, S-methyl-Lin GSH-depleted T cells, indicating that it acts on proteins cysteine, captopril, D-penicillamine, L-buthionine-(S,R)-sulfoxicarrying cysteine residues rather than on GSH to induce mine (BSO), α-tocopherol, trolox, butylated hydroxy-anisole apoptosis (22).
(BHA), 2-mercaptoethanol and catalase were purchased from Mature activated T cells are induced to express Fas/ Sigma (St Quentin-Fallavier, France). APO-1 membrane receptors which mediate apoptosis upon Cell separation and culture conditions engagement with agonistic anti-Fas antibodies (23, 24) or with released autocrine Fas ligand (25) (26) (27) (28) . The role of oxidative Blood samples from healthy volunteers of both sexes were stress or redox regulation in Fas-mediated apoptosis is still provided by the Blood Transfusion Center from Hô pital Saint controversial. Exogenous addition of thioredoxin, a thiol proLouis (Paris). Peripheral blood mononuclear cells were isoltein endowed with potent redox reactivity (29) , has been ated by Ficoll-isopaque density (d ϭ 1.078) gradient centrifureported to protect the monocytic U937 cells against the gation. Adherent cells were removed by incubation on plastic cytotoxic effects of TNF and anti-Fas mAb (30) . Contrasting dishes for 30 min at 37°C and the rest of the cells were with this result, a large series of inhibitors of the mitochondrial fractionated on nylon wool columns. Lymphocytes (5ϫ10 4 ) respiratory chain, of radical scavengers, and of antioxidants were cultured in triplicate in the wells of 96-well roundincluding thioredoxin and NAC, proved to have virtually bottomed microtiter plates (Nunc) in 0.2 ml RPMI 1640 no effect on Fas-induced killing of fibroblastic cells stably supplemented with 5% FCS and antibiotics. Cells were stimuoverexpressing human Fas upon gene transfer (31) (32) (33) . lated with 250 ng/ml OKT3 plus 100 U/ml recombinant IL-2 Apoptosis induced by Fas can even proceed in anaerobic (from Roussel Uclaf, Romainville, France). Apoptosis was conditions where ROI are not generated at all (34) and a triggered 3-5 days later by exposing activated T cells for recent study has claimed that an increase in O 2
• concentration 16 h to 2 µg/ml of either CD2 mAb (D66 ϩ T11 1 ) or antican block apoptosis triggered through Fas in a human Fas mAb. melanoma cell line (35) . In view of these divergent results, Purification of apoptotic lymphocytes on discontinuous Percoll one may conceive that the intracellular redox status may density gradients interfere with the Fas apoptotic signaling cascade at discrete points, depending on the cell type.
Percoll (Pharmacia, Bois d'Arcy, France) was adjusted to 285 This possibility prompted us to examine whether inducing mOsm/kg H 2 O with PBS, and diluted in culture medium to variations in the intracellular GSH pool of activated peripheral yield concentrations of 37.5, 40, 42.5 and 60%. Fractions T lymphocytes or whether adding various antioxidants to the were recovered at each interface from the top to the bottom cells would affect the outcome of Fas-mediated signaling of of the gradients. Dead cells were retained at the 37.5%/40% apoptosis. As we reported that CD2 receptors can also interface. Large activated T cells were first isolated as an F2 directly transduce apoptotic signals into activated mature T fraction (at the 40%/42.5% interface), subjected for 2 h to the cells (36, 37) in a Fas-and TNF-independent manner (38), we apoptotic stimuli, then run on a second Percoll gradient. thought it interesting to compare both pathways of apoptosis Apoptotic cells were recovered at the 42.5%/60% interface in this respect. The present study shows that NAC, exogenous according to preliminary determinations. GSH ethyl ester (GSH OEt) and some other thiol compounds Flow cytometric analysis of cell death and ROI production are able to almost completely inhibit CD2-and Fas-mediated apoptosis of peripheral human T cells by acting at an early Cells were stained with propidium iodide (PI; 5 µg/ml) 5 min before examination to detect dead cells (FL3 positive) using stage of apoptosis. In contrast, non-thiol antioxidants fail to a Coulter Epics Profile II cytofluorometer. O 2
• and H 2 O 2 were respectively detected by incubating the cells for 15 min at 37°C with hydroxyethidine (HE; 2 µM) or for 3 h with 2Ј,7Ј-dichlorofluorescein diacetate (DCFH-DA; 10 µM) from Molecular Probes (Eugene, OR) respectively, as described (40) .
Hypoploid cell assessment Cells (5ϫ10 5 ) were washed twice in PBS with 5.5 mM glucose and fixed overnight in ethanol (70% in water, at 4°C). Cells were then resuspended in 0.5 ml PBS containing 50 µg/ml PI, 100 U/ml RNase A (Sigma) and incubated for 30 min at room temperature under agitation. The DNA content of 10 4 cells was monitored by cytofluorometry using a Coulter Epics Elite profile II flow cytometer.
Glutathione measurements
Glutathione levels were measured by the glutathione reductase recycling method of Tietze (41) . Briefly, 1ϫ10 6 cells were washed twice in PBS, lysed with 0.1% Triton X-100, frozen and thawed twice. The lysates were centrifuged at 4°C and the glutathione content was measured in the supernatants by the rate of colorimetric change of 5,5Ј-dithiobis-2-nitrobenzoic acid (Sigma) in the presence of glutathione reductase (Sigma) and NADPH (Boehringer Mannheim), all of these reagents being diluted in 0.1 M Na 2 HPO 4 , 5 mM EDTA, pH 7.5. The reaction was monitored at 412 nm. Glutathione is expressed as nmol/mg total protein, measured in the cell extracts by the Bradford method. Flow cytometric measurement of reduced GSH was performed by staining the cells with 40 µM monobromobimane (mBrB; Molecular Probes) for 10 min at room temperature in the dark before measuring fluorescence on a Coulter Elite analyzer (excitation, 325 nm; emission, 450 nm). Cells were incubated with 1 µCi/well [ 3 H]leucine (Amersham France; 120 Ci/mmol) for 16 h. Radioactivity incorporated into trichloroacetic acid-precipitable material was then determined.
As stated above, it has also been suggested that glutathione may be involved in the regulation of cell death in Results certain models. We first examined whether increasing the concentration of intracellular GSH would affect Fas-and Effects of NAC and GSH OEt on Fas and CD2-stimulated CD2-induced apoptosis in activated peripheral T cells. NAC apoptotic processes has been shown to supply lymphoid cells with cysteine, the rate-limiting amino acid precursor for glutathione synthesis Variations in the intracellular GSH pool may result in important consequences for some immunological functions (14,43). As shown in Fig. 1(A) , a 2 h pretreatment of the cells with 25 mM NAC, which raised the cellular GSH of T lymphocytes such as IL-2-dependent DNA synthesis and generation of cytotoxic lymphocytes (reviewed in 42).
concentration from 20.5 Ϯ 4.7 to 43.4 Ϯ 10.2 nmol/mg protein (mean Ϯ SD of quadruplicate values), resulted in almost complete inhibition of Fas-and CD2-induced DNA fragmentation, as assessed by staining DNA with PI. NAC exerted a dose-dependent ability to inhibit cell death, as illustrated in Fig. 1(B) , with maximal protection observed at 25 mM, a dose that yielded a plateau inhibition of 100%. indicating that the protective effect was long-lasting.
population are displayed on the y-axis versus time on the x-axis. In the same experiment, the mean Indo-1 ratio obtained 2 min after
The possibility still existed that NAC and GSH OEt might ionomycin application (1 µM) was 46.8.
modify the signal transduction capacity of Fas and CD2 receptors. To examine this possibility, we added NAC at different time points after the delivery of CD2 and Fas apoptotic stimuli. As seen in Fig. 3(A) , NAC strongly prevented cell death when added as late as 30 min to 1 results). The results presented in Fig. 3 (B) clearly show that, although able to block CD2-induced apoptosis when h after the ligation of CD2 and Fas (its inhibitory effect decreased precipitously after 2 h). We had previously added together with the apoptotic stimulus, NAC did not influence the rapid raise of intracellular concentration of demonstrated that in activated peripheral T lymphocytes, CD2 transmembrane signaling of apoptosis results within a Ca 2ϩ (occurring within 6-8 min) following CD2 ligation. From this pattern of interference, one can conclude that few minutes in protein tyrosine phosphorylation and in increased phosphorylative activity of the p56 lck kinase which NAC does not inhibit signal transduction. are essential for this signaling pathway (38) . It was therefore Effect of NAC and GSH OEt on BSO-treated T lymphocytes likely that NAC inhibited post-receptor events located at an early step of the apoptotic cascade. To visualize the BSO selectively inhibits γ-glutamylcysteine synthetase and hence the biosynthesis of glutathione (44). As seen in transducing capacity of CD2 receptors, we measured by cytofluorometry the calcium flux elicited by CD2 ligation in Fig. 4(A) , exposure of activated T cells to 0.25 mM BSO for 22 h induced a dramatic fall (Ͼ80%) in total intracellular activated T cells loaded with Indo-1 (Fig. 3B) 
Ability of various antioxidants to prevent Fas-and CD2-mediated apoptosis
When functioning as an intracellular reducing buffer, GSH Table 1 ). Dose-response experiments were performed preincubated with BSO except that NAC and GSH OEt were added to evaluate the toxic and protective effects of each 4 h before the lethal antibodies.
compound so that the highest non-toxic concentration providing 100% protection is shown. Several compounds with thiol reducing properties (cysteine, 2-mercaptoethanol, captopril and D-penicillamine) were found to inhibit Fas and conditions, very low doses of Fas and CD2 antibodies (Ͻ50 ng/ml), which were unable to induce apoptosis by CD2 apoptosis while the methylated analog of cysteine (S-methyl-L-cysteine) was ineffective, as was NAS. The themselves, became cytotoxic (Fig. 4B) . Control anti-CD28 IgM (248-23-2) was in contrast ineffective (not shown).
antioxidants without free SH failed to prevent apoptosis. These included catalase, BHA, α-tocopherol (vitamin E), These results suggest that cellular endogenous GSH may actually confer some protection against Fas and CD2 trolox (the water soluble vitamin E analog) alone or in combination with ascorbic acid and thiourea, that can apoptotic signals. However, NAC prevented apoptosis in BSO-treated cells (Fig. 4C) , indicating that its protective interrupt the propagation of free radicals among polyunsaturated fatty acids, thereby inhibiting lipid peroxidation of cell effect was glutathione-independent, as reported in other models of apoptosis (21, 45, 46) . GSH OEt, which efficiently membranes (48-50). These results suggested that Fas and CD2 apoptotic signals are not conveyed by ROI and free restored the glutathione pool in BSO-treated cells (not shown), also inhibited apoptosis, allowing us to conclude radicals (see also below) but are nevertheless subjected to a redox regulation based on thiol/disulfide exchange that the protection exerted by NAC and GSH OEt was essentially based on their capacity to establish an intracellureactions at the level of cysteine residues in proteins.
Initiation of the apoptotic process is accompanied by a decrease in intracellular GSH without enhanced generation of ROI Anti-CD3 mAb-stimulated whole T cells populations consisted at the time of our assays of large activated cells co-existing with small, apparently non-activated cells. In preliminary cytofluorometric analyses, using mBrB to detect GSH, we observed that the intracellular GSH content of activated cells was significantly higher than that of small cells. It was hence difficult to distinguish, in terms of GSH content, the cells that were undergoing early stages of apoptosis and were subjected to cell shrinkage (while preserving a selective membrane permeability) from nonactivated T cells, resistant to apoptosis. We took advantage of previous reports showing that cells undergoing early 4.8 versus 7.0 Ϯ 5.5, n ϭ 10). Most of them continued to shrink and finally to succumb after overnight incubation in culture medium at 37°C, whereas most F 2 cells remained alive (not shown), indicating that the partially shrunken cells experiments (from 1 to 16 h after initiation of apoptosis). isolated 2 h after Fas and CD2 stimulation were actually Figure 6 (A) illustrates a 7 h point determination in which and irreversibly committed to apoptosis. The GSH content no increase in H 2 O 2 production was observed, irrespective of high-density cells was compared to that of F2 cells by of whether the cells were dead or alive (PI positive or flow cytometric analysis after simultaneously staining the negative). This is in full agreement with the fact that cells with PI that enters dead cells and emits red extracellular catalase (2000 U/ml) was unable to prevent fluorescence upon interaction with ADN, and with mBrB Fas-and CD2-mediated cell death, while significantly that forms a fluorescent adduct with GSH and emits blue protecting the cells against the oxidative stress caused by fluorescence (52) . Figure 5 shows that the GSH content menadione (Fig. 6B ). These observations support the notion of PI-negative cells undergoing Fas-and CD2-mediated that Fas-induced apoptosis is not linked to increased ROI apoptosis was significantly decreased when compared to generation and extend this notion to CD2-induced apoptosis. that of the starting cell population (mean fluorescence They also suggest that although strongly decreased in preintensity 62 and 69 versus 118). The negative control (mean apoptotic cells, intracellular GSH is not primarily depleted fluorescence intensity ϭ 42) consisted of T cells treated as a result of ROI detoxification. with 1 mM DEM which binds free sulfhydryl groups and thus prevents the interaction of mBrB with GSH. Noteworthy, NAC protection in the presence of cycloheximide or the apoptotic process initiated by Fas and CD2 stimuli was actinomycin D not accompanied, in high-density cells, by enhanced generation of superoxide anions as detected by means of It has been claimed that the protection exerted by NAC in HE, a compound that rapidly diffuses through cell memcertain models of apoptosis is mediated through a transcripbranes and emits red fluorescence when oxidized (primarily tion-dependent mechanism (21) which may involve NF-κB by O 2
• ) into ethidium (53) (see Fig. 3 ). This contrasted with activation (46). As seen above, the narrow window period the positive HE labeling of F 2 cells treated for 2 h with of protection exerted by NAC on CD2-and Fas-mediated 100 µM menadione, a quinone that generates O 2
• in the apoptosis was poorly compatible with protein synthesis. In presence of oxygen. In addition, no enhanced H 2 O 2 could fact, inhibiting RNA and protein synthesis by a 6 h cell be detected in the cells committed to apoptosis when pretreatment with 0.05 µg/ml actinomycin D and 0.5 µg/ml using the H 2 O 2 -sensitive DCFH-DA probe that emits green cycloheximide (the highest non-toxic doses) did not impair fluorescence (54). To exclude the possibility of ROI being the protective effect of NAC against Fas-and CD2-mediated optimally produced and/or detected at other time points of apoptosis (Fig. 7) . This effect was therefore essentially the apoptosis process, H 2 O 2 production was monitored in dependent on post-translational events affecting already existing proteins. whole T cell populations during the course of kinetics thiol-containing compounds confer total protection against apoptosis whereas non-thiol antioxidants are devoid of any protective capacity, (ii) overproduction of ROI is not detected in cells experiencing early and irreversible stages of apoptosis (GSH loss and cell shrinkage), and (iii) protection occurs in the presence of RNA and protein synthesis, suggesting post-translational redox regulation of key molecules involved in the execution of apoptosis. As GSH OEt inhibited apoptosis to the same extent as NAC in BSOtreated cells, it is likely that intracellular GSH, the most abundant thiol that functions in the reduction of the disulfide linkages of proteins, may counteract Fas and CD2 signaling of apoptosis in unmanipulated cells. As a corollary, GSH deficiency would favor apoptosis of T lymphocytes, which we indeed observed. The fact that glutathione-depleted T cells were still prone to undergo Fas-and CD2-mediated apoptosis also suggests that the oxidized form of GSH (GSSG) was not involved in apoptotic signaling. Interestingly, a fall in GSH concentration appears to be a very early feature of cells experiencing apoptosis. Given that the production of ROI is not enhanced in the cells committed to apoptosis, one may conceive that the down-modulation of cellular GSH is linked to enhanced GSH transport across the cell membrane. Others have in fact recently shown that U937 cells exposed to etoposide extrude their intracellular added as late as 1 h after the binding of anti-CD2 and anti-Fas to the cells, afterwards its protective effect decreased precipitously. One can therefore conceive that NAC inhibited post-receptor events probably upstream of the apoptotic cascade. These events were distant of protein tyrosine phosphorylation and of the calcium flux elicited by CD2 ligation, two biochemical events which occur in a few minutes and which are essential for CD2-mediated apoptosis in T lymphocytes (38) .
Various cell lines overexpressing Fas molecules have been shown not to be protected by antioxidants, including thiols, against Fas-induced cell death (31) (32) (33) . Also, in the Jurkat cell line, the Fas lethal signal is only moderately of Fas and CD2 apoptotic signals may be extremely susceptible to moderate changes in the intracellular sulfhydryl status. This may also be the case for U937 monocytic cells which are protected from Fas-mediated cell death by Discussion thioredoxin, a dithiol protein which participates together with GSH in the maintenance, in a reduced state, of the Our work indicates that a shift of the intracellular redox status towards reduction, by means of thiols/disulfides cysteine residues carried by cellular proteins (30) . While writing this manuscript, we became aware of the work of exchange reactions, protects activated T peripheral lymphocytes against Fas-and CD2-mediated apoptotic cell death.
Um et al. (58) indicating that Fas-mediated apoptosis of human monocytes is mediated by ROI, as deduced from This conclusion stems from the following observations: (i) anti-Fas to adult T leukemia cells (59) . This suggests that
